ABSTRACT The amino-and carboxyl-terminal amino acid sequences of proteins (plO, p12, p15, and p30) coded by the gag gene of Rauscher and AKR murine leukemia viruses were determined. Among these proteins, p15 from both viruses appears to have a blocked amino end. Proline was found to be the common NH2 terminus of both p30s and both pl2s, and alanine of both piOs. The amino-terminal sequences of p3Os are identical, as are those of piOs, while the p12 sequences are clearly distinctive but also show substantial homology. The carboxyl-terminal amino acids of both viral p3Os and pl2s are leucine and phenylalanine, respectively. Rauscher leukemia virus p15 has tyrosine as the carboxyl terminus while AKR virus p15 has phenylalanine in this position. The compositional and sequence data provide definite chemical criteria for the identification of analogous gag gene products and for the comparison of viral proteins isolated in different laboratories. On the basis of amino acid sequences and the previously proposed H-p15-p12-p30-pl0-COOH peptide sequence in the precursor polyprotein, a model for cleavage sites involved in the post-translational processing of the precursor coded for by the gag gene is proposed.
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The genome of type C RNA tumor viruses has a capacity of coding for approximately 3 X 105 daltons of protein sequence. Virion component translational products have been identified for three viral genes designated gag (group-specific antigen), env (envelope glycoprotein), and pol (RNA-dependent DNA polymerase) (1) . The gag gene of a type C virus isolate of mouse origin codes for a precursor polyprotein which is subsequently cleaved by proteolytic enzymes, giving rise to four internal structural proteins (2) (3) (4) (5) (6) (7) . Based on approximate molecular weights (in thousands), these antigenically distinct proteins have been designated p30, p15, p12, and plO (8) . Based on analysis of gag gene expression in cells nonproductively infected by various replication-defective transforming viruses (4), the gene order has been shown to be p15-p12-p30-plO. Confirmation of this proposed sequence has been obtained by immunological methods using conditional lethal mutants defective in precursor cleavage (9) . An enzymatic activity present in purified virus preparations and capable of in vitro cleavage of the precursor has also been recently identified (10) . NH2-terminal amino acid sequences of p30 proteins of several mouse and other mammalian type C viruses have been reported (11) . As a first step towards the biochemical characterization of the proteolytic activities and possible cleavage sites involved in the posttranslational processing of primary gag gene products of type C viruses, we have now subjected each of the structural proteins coded by gag gene of Rauscher (R) and AKR murine leukemia virus (MuLV) isolates to amino-and carboxyl-terminal amino acid sequence analyses. The results demonstrate extensive terminal sequence homology between analogous gag gene products of the above two related viruses and may have implications regarding the nature of proteolytic enzymes involved in precursor processing.
MATERIALS AND METHODS
Viral Proteins. R-MuLV and AKR-MuLV structural proteins coded by gag used in the present study were purified by published methods as summarized in Table 1 .
Determination of NH2-Terminal Amino Acids. NH2-terminal amino acids were analyzed by the method of Weiner et al. (19) without major modification, with 0.5-to 1.0-nmol protein samples as described (11) . Solvent systems of heptane/butanol/formic acid (10:10:1, vol/vol) and 0.15 M aqueous ammonium hydroxide were used (20 40 until use on the same day. To each of four glass tubes 0.3-0.6 nmol of viral protein in 25 ,l of 10 mM NaHCO3, pH 8.3, containing 0.1I% sodium dodecyl sulfate was added and the mixtures were incubated at 800 for 10 min. After the samples were cooled to room temperature, 2.5-25 Ml of carboxypeptidase A stock solution was added to three of the sample tubes. Digestion was at room temperature. At various time intervals the reaction was terminated by adding 300 ,I of 0.2 M sodium citrate, pH 2.2. The sample in the fourth tube was the zero time blank to which 300 ,l of 0.2 M sodium citrate, pH 2.2, was added before addition of 25 Ml of carboxypeptidase A stock solution. The amino acids released were analyzed by applying 250 Ml of the digests to the amino acid analyzer. When digestion was with the mixture of carboxypeptidases A and -B, the procedure was the same except that 2 Ml of phenylmethylsulfonyl fluoride-carboxypeptidase B (about 10 ,Ag of protein) was added to the carboxypeptidase A stock solution.
RESULTS
The purity of all the viral proteins studied was established by several independent methods, such as isoelectric focusing, sodium dodecyl sulfate/polyacrylamide gel electrophoresis, and/or competition radioimmunoassay (9, (13) (14) (15) . Moreover, NH2-terminal amino acid analyses revealed either none or a single amino acid residue for each of the purified viral proteins studied, except p1O. We found that alanine was the major NH2-terminal amino acid for both AKR and R-MuLV plOs independent of the purification method used. In addition, threonine (second residue in the sequence) and valine (third residue) were detected in decreasing amounts. The average relative yields were 70, 25, and 5%, respectively. This was due to an apparent molecular heterogeneity of plO at the NH2 terminus and not to contamination by extraneous proteins (unpublished data). Proline alone was found for both pl2s. The NH2-terminal end of both AKR-and R-MuLV p15 was blocked since neither dansylation nor the combined dansyl-Edman procedure revealed any free a-amino acid end group. Furthermore, Edman degradation through several steps yielded negative results. Only purified proteins satisfying the above criteria for purity were subjected to further chemical analysis. (11) .
Amino acid composition The amino acid composition of AKR-and R-MuLV gag gene products is given in Table 2 . R-MuLV and AKR-MuLV plOs, which represent the RNA-associated nucleoproteins of the respective viruses (27) , have exceptionally high lysine and arginine content and lack both methionine and phenylalanine. While the overall composition of AKR-and R-MuLV pl2s is different, neither contains histidine. The main differences appear in serine, proline, and isoleucine content. The fact that the pl5s of both AKR-and R-MuLV appear to be free of methionine is consistent with previously published data showing the lack of [a5S]methionine incorporation into this protein (28) .
In Table 3 the amino acids are divided into three classes: polar, intermediate, and nonpolar (29) . The plOs have the highest percentage of polar amino acids and the p3Os, which Pro-Leu-Arg-Leu -Gly-Gly-Asn-Gly -Gln-Leu-Gln-Tyr-Trp-Pro-Phe-Ser -Ser-Ser -Asp-Leup15 p15 Blocked p12
Pro-Thr-Leu-Thr-Ser-Pro-Leu-Asn-Thr-Lys-Pro-Arg-Pro-Glfn-Val -Leu-Pro-Asp-X -Glyp12
Pro-Ala-Leu -Thr-Pro-Ser-Leu-* -* -Lys-Pro-Arg -Pro-Ser -Leu-X -Pro-PheplO Ala-Thr-Val -Val -X -Gly-Gln-Arg -Gln-Asp-Arg-Gln-Gly-Gly-GluplO Ala-Thr-Val -Val -X -Gly-Gln-Arg -Gln-Asp-Arg-Gln-Gly-Gly-GluItalicized residues are positionally identical.
also show very similar percentage values independent of origin ruses that has been identified as having the strongest type-(AKR-or R-MuLV), are the next most polar proteins among the specific immunological properties among the gag gene products gag gene products. The calculated values for AKR-and R- (31) . In order to maintain positional homology within the p12
MuLV pi2s and pi5s are very similar. Both these gag gene sequences (Table 4) , it was necessary to introduce a gap in the products are much less polar and contain relatively more amino sequence of AKR-MuLV p12 at positions 8 and 9 in front of a acids with hydrophobic side chains than plO or p30. The pl2s major homologous region consisting of Lys-Pro-Arg-Pro. In the are phosphorylated in various mouse type C viruses (30) and initial sequence, 9 out of 18 amino acids appear to be posithus their polarity is greatly altered by post-translational tionally identical (italicized), representing an overall 50% modification by the addition of negatively charged phosphate homology of this region. groups. Together with this, the amino acid compositional data For those amino acids that are positionally different in the indicate that p15 is the least hydrophilic protein derived from two pi2s the number of base changes is as follows: a change the gag precursor.
from threonine to alanine requires two changes; from serine to proline and vice versa, one; from glutamine to serine, two; from valine to leucine, one; and from aspartic acid to phenylThe amino acid sequences of AKR-and R-MuLV gag gene alanine, two. Including the two-amino-acid gap, it would reproducts are shown in Table 4 . Because of the blocked endquire minimal change of 33% in base sequence to give complete group, p15 is not amendable to stepwise Edman degradation.
homology in nucleic acid sequences. The finding that p15 is the only protein among the MuLV gag Carboxyl-terminal sequence gene products that does not have a free amino terminus is consistent with the results of previous studies that indicate that Carboxyl-terminal amino acid sequence analysis of gag gene p15 is located at the amino end of the precursor polyprotein coded proteins were performed as described in Materials and Pr65-70 (4, 9) . Each of the other gag gene products, p30, p12, Methods. The number of moles of amino acids released per and plO, shows unique sequences. The data for pSOs taken from mole of protein determined at different time intervals is given previous studies (11) show that the NH2-terminal sequences of in Table 5 for both R-MuLV and AKR-MuLV p15 and p12. AKR-and R-MuLV p3O are identical. The Ser, Gin, or Asn 0.72t A 0.63 t Although the amino acid analyzer program used in these experiments could not distinguish between Ser, Gln, and Asn, the color constants for these amino acids were essentially identical. * Moles of amino acids per mole of protein. -(Arg,X)-Lys-Leu p3Ot -Leu p15 -Leu-Tyr p15 -Leu-Phe p12 -Ala-X-Phe p12 -(Ala, X).-Phe * In the sequences, X indicates the presence of one of three possible amino acid residues, i.e., Ser, Asn, or Gln. See footnote to Table 5 .
t Previously published result (13) amino acid sequences of p3O, p15, and p12 of both R-MuLV and AKR-MuLV are given in Table 6 . (36) . The sequence differences shown here between two strains of MuLV could account for this specificity with the assumption that the nucleic acid sequence(s) involved in binding p12 show the same degree of individuality as the amino acid sequences of p12. The apparently complete identity of the NH2-terminal sequence of the plOs of AKR-and R-MuLV is consistent with previous results indicating a lack of type-specific immunologic reactivity (14, 18) .
DISCUSSION
Carboxypeptidase analyses indicate that the individual gag gene products, p15, p12, and p30, have unique carboxyl-terminal amino acid sequences. These findings combined with the amino-terminal sequence data and the reported peptide order in Pr65-70 (4, 9) permit us to postulate possible proteolytic cleavage sites for the post-translational processing of this precursor (Fig. 1) . This model is based on the assumption that proteolytic cleavage of the polyprotein between the carboxyl terminus of p15 and and the NH2 terminus of p1O occurs only at three sites to yield the four final gag gene products, p15, p12, p3O, and p10, and that excision of any amino acid residues does not occur during processing.-It must be further assumed that the cleaved gene products are not altered by proteolytic enzymes before or during their purification. However, our data for at least one protein (p1O) indicated the presence of molecules with one or two of the amino acid residues missing at the NH2 terminus, suggesting, among other possibilities, either degradation by amino peptidases or a degenerate cleavage site between p30 and plO.
The peptide bond hydrolyzed between R-MuLV p15 and p12 is tyrosylproline, and between p12 and p30 is phenylalanylproline, according to the scheme proposed in Fig. 1 . In AKR-MuLV, both cleavage sites appear to be phenylalanylproline bonds. Bachrach (37) has recently postulated that post-translational cleavages of picornavirus polyproteins occur most frequently at protease-sensitive (3-bonds involving the carbonyl function of an amino acid to the left of a helix-breaker amino acid. While this may not necessarily be a generality, we do note that our results show that proline is the common NH2 terminus of p12 and p30. Thus, one could assume that a single protease with specificity for the carbonyl function of aromatic amino acids adjacent to proline could be responsible for cleavages at the above two sites. However, tyrosylproline and phenylalanylproline bonds are resistant to most of the known proteases (38) . This could suggest the involvement of a novel enzyme for generation of this cleavage. Another type of cleavage site, the leucylalanine bond, appears between p3O and plO. It should be noted that a-chymotrypsin has a high specificity for peptide bonds involving the carbonyl function of leucine (38) . A similar cleavage site yielding carboxyl-terminal leucine has been postulated in the processing of picornavirus polyproteins (39) .
Recently, Yoshinaka and Luftig reported the presence in purified R-MuLV preparations of a proteolytic factor capable of cleaving Pr65-70 to the constituent polypeptides in two steps (10, 40) . Their results are consistent with our suggestion, based on sequence data, that proteases with at least two different specificities for cleavage sites may be involved in the posttranslational processing of the precursor polyprotein coded by the gag gene. 
